ABSTRACT
INTRODUCTION
It is increasingly accepted that kinetic modeling and simulation of biological systems are promising to discover a knowledge map for elucidating the functions and characteristics of the living system in detail. Given the biochemical reaction network, kinetic and regulatory information can be incorporated into a model comprising the continuous differential equations, thereby completely describing the dynamic system and predicting its behavior under any perturbations. Thus, it is highly desirable to establish an effective method and develop software tools for such kinetic modeling and concomitant simulation. To this end, various softwares and computational environments have been developed as listed in the systems biology community (http://sbml.org/); each tool has its own capability and strength in a wide range of feature combinations, e.g., user interface, mathematical framework, and database functionality (Hucka et al., 2004) . Among them, however, only a handful of projects adopt the platform-independent web-based approach which is a desirable direction for simulation research and development. The most relevant initiatives include Virtual Cell (Schaff et al., 1997) and JWS Online (Olivier and Snoep, 2004) , which are imple-* To whom correspondence should be addressed. mented through Java Web Start and Java applets, respectively, on a web browser. Virtual Cell provides the generalized simulation environment allowing kinetic/spatial modeling and analysis of biological systems, while JWS Online focuses on web-based repository of kinetic models which are interrogated and analyzed through the well-designed graphical interface. Here, we report the development of WebCell, an integrated web-based environment which facilitates investigation of dynamic behaviors of cellular systems as and provides a collected model library as a pedagogic tool.
SYSTEM OVERVIEW
The WebCell system is designed by combining Java Server Page (JSP) and Java applet-servlet technologies, running on Windows Server 2003 where Apache's Jakarta Tomcat application server, Java 2 Platform Standard Edition Development Kit (JDK) 1.4.0 and MySQL are installed. This allows interactive kinetic modeling and simulation of complex biochemical systems through both client-and server-side executions over the web. The web pages are dynamically generated using JSP and Jython scripts.
Model construction and validation
WebCell is interfaced to provide a simple and comprehensive modeling environment (Figure 1 ). Users can login to a WebCell modeling session after creating the user account in the database of the web-server. The login initiates the creation of new model project, followed by building a kinetic reaction model. The welldesigned web interface allows the users to describe the project summary, define components (e.g., molecular compounds or metabolites) and their relations (e.g., reactions or interactions), and to set relevant kinetic information (e.g., rate equations, user-or predefined kinetic types and relevant parameters, and initial concentrations).
WebCell supports Systems Biology Markup Language (SBML), which is an eXtensible Markup Language (XML)-based modeling language for representing biochemical networks (Hucka et al., 2003) , in order to enhance the modeling capability. This makes it possible to directly import existing SBML-formatted models from their local computers into the WebCell database system on our remote server. Imported models are then mapped into the new model projects of the users for the effective construction of cellular network models. A tabularized view page of entire model summary is dynamically generated, allowing access to more detailed information on each reaction or compound using the hyperlinks pro-vided. Such information can be readily edited, stored and modified. Conversely, project models can be exported as non-specific tab delimited text files in various formats, e.g., SBML and MATLAB (http://www.mathworks.com), which in turn can be easily imported to and executed by other programs. The resulting model network can also be visualized to represent a whole picture of the network through automatic layout algorithm.
As a unique feature, WebCell allows model validation by considering the energy balance constraints of kinetic parameters in the model. Given the closed reaction network and the kinetic schemes of its participating reactions, a set of cyclic pathways can be detected by calculating the null space (or kernel) of the network stoichiometry. It is followed by checking if the kinetic parameters in those cyclic pathways are log-linearly balanced according to the thermodynamic principle (Beard et al., 2002) . In this way, the appropriateness of the kinetic models can be validated automatically. This feature should be invaluable in building a robust and accurate model. 
Model analysis
Once the valid kinetic model is constructed, the dynamic behaviors of the cellular system can be explored by solving ordinary differential equations (ODEs) or differential algebraic equations (DAEs) with conserved moieties which can be identified through conservation analysis (Sauro and Ingalls, 2004) . After the user selects one of the ODE and DAE solvers and specifies simulation settings, the model can be run by clicking the 'SIMULATE' button. Simulation results are then returned to display the time course of selected compounds and/or reactions in the plot view. The results can also be presented and acquired in comma delimited, Comma Separated Value (CSV) text file format. In addition to this time-course simulation, WebCell integrates structural pathway analysis and metabolic control analysis (MCA) for steady state and sensitivity analyses of biological systems. In MCA (Kacser and Burns, 1973) , the sensitivity of network components to perturbations is analyzed by computing control, elasticity and response coefficients, thus identifying the inherent relationship between relative changes in the system variables and perturbed parameters.
Model library
For the tutorial purposes, WebCell allows users to access to the model library where various kinetic models are compiled from the published works, SBML model repository (http://sbml.org/models.html), JWS Online (http://jjj.biochem.sun.ac.za), and BioModels database (http://www.ebi.ac.uk/biomodels). Accordingly, the users can perform in silico perturbations of rigorously validated models which are categorized by metabolic, signaling and regulatory networks.
SUMMARY AND FUTURE DEVELOPMENT
WebCell is a comprehensive, web-accessible and integrative system which not only serves as an educational system for revisiting publicly available kinetic models, but also provides the customized modeling environment for quantitatively and dynamically analyzing the cellular network. WebCell is complementary to the MetaFluxNet, which allows static analysis of genome-scale network (Lee et al., 2003) . Currently, the incorporation of model reduction techniques (Okino and Mavrovouniotis, 1998) , e.g., lumping, sensitivity analysis and time-scale analysis, into the WebCell system is in progress. By doing so, large-scale models of biochemical and biological networks can be simplified to relieve their complexity, which will allow their systems level understanding under the webbased simulation environment.
